The isostructural hexakis(dimethyl sulfoxide)-aluminium(), -gallium() and -indium() iodides crystallise in the trigonal space group R3 (no. 148), Z = 3, at 295 ± 1 K. The metal ions are located in a 3 symmetry site with M-O bond distances of 1.894(4), 1.974(4) and 2.145(3) Å, and M-O-S bond angles of 127.1(3), 124.1(3) and 123.1(2)Њ, for M = Al, Ga and In, respectively. The unit cell parameters are a = 10.762(2), c = 24
Introduction
The oxygen coordination of the aluminium(), gallium() and indium() ions is well characterised in crystal structures. The mean Al-O bond distance for hexaaquaaluminium() complexes in the solid state is ca. 1.88 Å.
1,2 Tetrahedral aluminium complexes with oxygen donor ligands, as e.g. sodium tectohexaoxoalumodisilicate hydrate, Na(AlSi 2 O 6 )ؒH 2 O, 3 display much shorter Al-O bond distances, about 1.65 Å. Oxygencoordinated gallium() complexes are normally octahedral with mean Ga-O bond distances close to 1.97 Å.
1,2 A fourcoordinated gallium() complex with tetrahedral oxygen environment, LiGaO 2 ؒ6H 2 O, showed a significantly shorter Ga-O bond distance, 1.826(5) Å. 4 Octahedral indium() complexes display mean In-O bond distances close to 2.13 Å.
1,2
The coordination number of the hydrated trivalent metal ions in group 13, aluminium(), 5 gallium(), 6 indium() 6 and thallium(), 7 is six, while the hydration number in aqueous solution of the trivalent metal ions in group 3 increases with increasing atomic number. Scandium() probably coordinates † Electronic supplementary information (ESI) available: normalized Xray absorption edges, calculated separate contributions of the different scattering paths to the EXAFS oscillations for the dimethyl sulfoxide solvated gallium() and indium() ions in the solid state and solution; correlation between compression ratio (s/h) and bond lengths in [M(dmso) 6 ] 3ϩ complexes; correlation between metal-oxygen (M-O) force constants and bond lengths in [M(dmso) 6 ] 3ϩ complexes. See http:// www.rsc.org/suppdata/dt/b2/b212140a/ seven water molecules in a monocapped trigonal prism, 8 yttrium() eight in a square antiprism, 9 and lanthanum() nine waters in a tricapped trigonal prism. 10 Thus, even though thallium() and indium() have larger ionic radii in sixcoordination than Sc 3ϩ , 0.885, 0.800 and 0.745 Å, 11 respectively, their hydration numbers are smaller. This indicates more covalent bond character for the group 13 metal ions with d 10 electron configuration.
7,12
The six-coordinated structure of the hydrated aluminium() ion is maintained in concentrated aqueous solutions, and large angle X-ray scattering (LAXS) shows mean Al-O bond distances in the range 1.87-1.90 Å.
5 Structural studies on nonaqueous aluminium() solvates do not seem to have been reported so far. The hydrated gallium() ion octahedrally coordinates six water molecules, with mean Ga-O bond distances reported as 1.944(3) and 1.969(5) Å in the solid state, 13,14 and 1.959(6) Å in aqueous solution. 6 In crystal structures the hydrated indium() ion octahedrally coordinates six water molecules with the In-O bond distances 2.112 and 2.134 Å,
13
and in aqueous solution 2.131(7) Å.
6
Few structural investigations have been performed of the dimethyl sulfoxide solvated group 13 metal ions. Even though dimethyl sulfoxide is an ambidentate solvent, coordination via the sulfur atom takes place only for soft metal ions, e.g. palladium(), platinum() and rhodium(), 15 and the relatively hard group 13 metal ions are solvated via the oxygen atom. Previously, discrete hexakis(dimethyl sulfoxide)indium() and thallium() complexes have been crystallographically a R values are defined as:
characterized in the perchlorate salts, with M-O bond distances of 2.140(3) and 2.224(3) Å, respectively.
16,17
In the current work iodide has been chosen as counter ion to the hexakis(dimethyl sulfoxide) solvates of the aluminium(), gallium() and indium() ions in order to avoid the structure determination problems caused by disordered perchlorate ions.
16, 17 Interpretation of the vibrational spectra is also facilitated because the non-coordinated iodide ions give no additional vibrational frequencies. The strength and nature of the metal-oxygen bond and its effect on the dimethyl sulfoxide ligand has been evaluated by normal coordinate analysis and compared with other dimethyl sulfoxide solvates.
Experimental Chemicals
Hexakis(dimethyl sulfoxide)aluminium(III) iodide, 1, hexakis-(dimethyl sulfoxide) gallium(III) iodide, 2, and hexakis(dimethyl sulfoxide)indium(III) iodide, 3. Anhydrous group 13 metal iodides (Aldrich) were suspended in dichloromethane, and dimethyl sulfoxide (Merck) was slowly added in six-fold excess. The aluminium and gallium iodides then formed white finecrystalline precipitates of 1 and 2, respectively. Crystals suitable for X-ray crystallography were obtained after recrystallisation from acetonitrile. Addition of dimethyl sulfoxide to the indium iodide suspension gave a colourless solution, which after evaporation at reduced pressure yielded colourless crystals of 3.
Hexakis(dimethyl sulfoxide)gallium(III) and indium(III) perchlorate. Gallium() oxide and indium() hydroxide were slurried in water and concentrated perchloric acid (AnalR, 70%) was added dropwise. The reaction mixture was refluxed for 2 h until a clear solution formed. After boiling off some of the water the solution was evaporated in a desiccator until hydrated metal() perchlorates precipitated. The salts were dissolved in a minimum amount of acetone and then six equivalents of 2,2-dimethoxypropane (Merck), which reacts with water to form methanol and acetone, 18 were added. 19 The reaction mixture was stirred vigorously for 5-10 min. When adding a six-fold excess of dimethyl sulfoxide the dimethyl sulfoxide solvates precipitated immediately. The stirring was continued for another 5-10 min before filtering off the crystals. Recrystallisation was performed from dimethyl sulfoxide.
Anhydrous gallium(III) and indium(III) trifluoromethanesulfonate. Gallium() oxide and indium() hydroxide were slurried in water and trifluoromethanesulfonic acid (Alfa, 100%) was added dropwise in a fairly large excess. After refluxing for 2 h clear solutions had formed, which were filtered. Water and excess acid was boiled off at ca. 450 K, leaving anhydrous gallium() and indium() trifluoromethanesulfonate salts. Dimethyl sulfoxide solutions of gallium() and indium() trifluoromethanesulfonate were prepared by dissolving the hygroscopic anhydrous salts in dimethyl sulfoxide under nitrogen atmosphere. Crystals were obtained by evaporating the solutions under reduced pressure in a desiccator.
X-Ray crystallography
The data collections were made on small crystals of 1, 2 and 3 enclosed in thin-walled glass capillaries at room temperature, by means of a STOE imaging-plate diffractometer. 20 Absorption corrections were performed with the programs X-RED and X-Shape.
21 Symmetry equivalent reflections were used to optimise crystal shape and size. The structures were solved by direct methods using SHELXS-97, 22 and refined using the full-matrix least-squares method on F 2 , SHELXL-97. 23 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were added at calculated positions and refined using a riding model. Systematic absences for 1, 2 and 3 in the collected diffraction data were consistent with the space group R3 (no. 148). Selected crystallographic and experimental details are summarised in Table 1. CCDC reference numbers 199307-199309. See http://www.rsc.org/suppdata/dt/b2/b212140a/ for crystallographic data in CIF or other electronic format.
EXAFS
Gallium and indium K edge X-ray absorption data were collected in transmission mode at the Stanford Synchrotron Radiation Laboratory (SSRL), USA, under dedicated conditions. The SSRL storage ring operates at 3.0 GeV and a maximum current of 100 mA. A Si[220] double monochromator provided monochromatic radiation in the scan range, detuned to 50% of maximum intensity at the end of the scans to reduce higher order harmonics.
The solutions were kept in cells with 6.3 µm X-ray polypropylene foil windows and 1-5 mm Teflon spacers. The solids were finely ground and diluted with boron nitride (BN) to prevent self-absorption and pin-hole effects, and to achieve an absorption change over the edge of about one logarithmic unit. Energy calibration of the X-ray absorption spectra was performed by simultaneously recording the edge spectrum of a gallium or indium foil during the data collection, and assigning the first K-edge inflection point of the metal to 10368.2 and 27940.0 eV, respectively. 24 After energy calibration, 3-4 scans were averaged for each sample. The EXAFSPAK program package was used for the data treatment. 25 The EXAFS oscillations were extracted using standard procedures for pre-edge subtraction, spline removal and data normalisation.
26, 27 Model fitting, including both single and multiple back-scattering pathways, was performed with theoretical phase and amplitude functions calculated ab initio using the FEFF7 computer code. 28 The k 3 -weighted EXAFS oscillation was analysed by a non-linear least-squares fitting procedure of the model parameters.
Raman and infrared spectra
Raman spectra of the solids 1, 2 and 3 were obtained using a Renishaw System 1000 spectrometer, equipped with a Leica DMLM microscope, a 25 mW diode laser (782 nm), and a Peltier-cooled CCD detector. The mid-infrared absorption spectra of the solid compounds were obtained by means of a Bio-RAD FTS 6000 FT-IR spectrometer (KBr pellet). The farinfrared spectrum was recorded with the sample enclosed in a polyethylene disk. Normal coordinate analyses of the spectra and force field calculations were performed by means of Wilson's GF matrix method. A PC-based program package developed by J. and L. Mink 29 was used to compute force constants and to fit calculated vibrational frequencies, using a symmetrised valence force field.
Results and discussion

Crystal structures of 1, 2 and 3
The crystal structures of 1, 2 and 3 were satisfactorily described in the space group R3. The trivalent metal ions were located in a site of 3 symmetry surrounded by six equidistant oxygenbonded dimethyl sulfoxide ligands, Fig. 1 respectively. When comparing yttrium() and thallium(), with similar ionic radii in six-coordination, 0.900 and 0.885 Å,
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respectively, the stronger tendency to octahedral coordination for the trivalent ions of group 13 is again obvious, as for the hydrates.
For the [M(dmso) 6 ] 3ϩ complexes with M = Al, Ga, Sc, In and Tl, the M-O bond distances increase from 1.894 to 2.224 Å ( Table 2 ). The increasing oxygen-oxygen distances within the MO 6 kernel allow substantial deviations from a regular octahedral symmetry for the relatively large indium() and thallium() ions by compression along the three-fold axis in 3 symmetry. This can be measured by the compression ratio s/h (cf. Fig. 1 ). The smallest ions, aluminium(), gallium() and scandium(), have similar compression ratios of about 1.287 in the iodide salts of the hexakis(dimethyl sulfoxide) solvates, while the compression ratio increases to 1.335 for hexakis-(dimethyl sulfoxide)indium iodide ( Table 2 ). This is reflected in the cell volume, which for the isostructural iodide solvates is smallest for the largest ion, In(). A comparison between the isostructural solvated indium() and thallium() perchlorates shows similar effects, with compression ratios of 1.373 and 1.455, respectively. 34 Again the larger ion, thallium(), has the smaller cell volume (Table 2) .
Despite the difference in M-O bond distance the aluminium and gallium iodide structures have quite similar compression ratios and cell volumes, which shows that there are other factors than ionic size to consider. The conformation of the (CH 3 ) 2 SO ligand in the [M(dmso) 6 ] 3ϩ complexes, reflected by the 3.0Њ larger M-O-S angle for the aluminium solvate (cf. Table 2) , also affects the cell volume.
The M-O-S angle is affected to some degree by the covalency of the M-O bond. Small angles, below 120Њ, are found for covalent M-O bonds, as e.g. in hexakis(dimethyl sulfoxide)-mercury() triflate, 116.4(3)Њ (cf. Table 2) , 35 while for complexes with low covalency much larger angles are observed, as for hexakis(dimethyl sulfoxide)scandium() iodide, 132.5(3)Њ. The smallest angle M-O-S angle for the hexakis(dimethyl sulfoxide) complexes of the trivalent group 13 metal ions is found for thallium(), 120.7(2)Њ, and the largest for aluminium, 127.1(3)Њ 6 ]I 3 crystal structures. The figure shows the gallium complex with 50% probability ellipsoids; (bottom) the octahedral MO 6 centre in the [M(dmso) 6 ] 3ϩ structure is compressed along the three-fold axis. For a perfect octahedron s/h = √3/2 = 1.225, where s is the side of and h is the distance between the equilateral triangular surfaces. h With hexagonal unit cell (Z = 3). ( Table 2 ). The S-O distance of the O-coordinated dimethyl sulfoxide ligands is, however, almost constant at about 1.54 Å, which is almost 0.05 Å longer than in the free dimethyl sulfoxide molecule, cf. Table 2 .
Fig. 1 (Top) The hexakis(dimethyl sulfoxide)-aluminium(), -gallium() or -indium() complexes in the isomorphous [M(dmso)
EXAFS Studies
Dimethyl sulfoxide solvates of gallium(III) and indium(III). EXAFS data for the dimethyl sulfoxide solvated gallium() and indium() ions in the solid state and solution were collected with different anions, perchlorate and trifluoromethanesulfonate. The results (Table 3) show that the structures of the hexakis(dimethyl sulfoxide)gallium() and indium() complexes are insensitive to the counter-ions. The bond distances were modelled with the main contributions from M-O and M ؒ ؒ ؒ S single backscattering, and the three-legged M-O-S backscattering pathways (cf. Table 3 for the dimethyl sulfoxide solvated gallium() and indium() ions, respectively. Least-squares refinement gave the Table 3 .
D a l t o n T r a n s . , 2 0 0 3 , 1 7 4 6 -1 7 5 3 mean Ga-O and Ga ؒ ؒ ؒ S distances 1.955(2) and 3.108(4) Å of the dimethyl sulfoxide solvated gallium() in solution, and 1.954(2) and 3.117(3) Å in solid hexakis(dimethyl sulfoxide)-gallium() trifluoromethanesulfonate. This corresponds to similar Ga-O-S bond angles, 125.2(5) and 125.9(4)Њ, respectively. The above Ga-O bond distances are significantly shorter than in 2, 1.974(4) Å, but in close agreement with Ga-O bond distances obtained for hexaaqua solvates in aqueous solution and the solid state. 6 The mean In-O and In ؒ ؒ ؒ S distances of 2.135(2) and 3.320(6) Å, and 2.143(2) and 3.282(3) Å in the dimethyl sulfoxide solvated indium() ion in solution and in the solid hexakis(dimethyl sulfoxide)indium() perchlorate (Table 3) , give In-O-S bond angles of 128.5(6) and 125.2(4)Њ, respectively. The In ؒ ؒ ؒ S distances are significantly longer than the crystallographic value for the iodide 3, 3.252(1) Å, while the Ga ؒ ؒ ؒ S distances in 2, 3.110(2) Å, are similar.
The EXAFS values for the In-O bond distances are similar to those in 3, 2.145(3) Å, and in hexakis(dimethyl sulfoxide)indium() perchlorate (Tables 2 and 3) , 16 and are also in Table 3 . Table 3 ).
Vibrational spectra and force constant calculations
Raman and infrared spectra were recorded for compounds 1, 2 and 3, and the Raman spectra are displayed between 100 and 600 cm Ϫ1 in Fig. 6 . A force field study was undertaken of the vibrational spectra to allow comparisons of the metal-oxygen bond character and how the coordination affects the dimethyl sulfoxide ligands. The centrosymmetric M(dmso) 6 3ϩ complexes can be described in the S 6 point group, with the normal vibrations belonging to the symmetry species 11 A g ϩ 11 E g ϩ 12 A u ϩ 12 E u , considering the methyl groups as point masses. All symmetric modes are Raman-active whereas the asymmetric ones are IR-active. deviates from this trend and also has a larger M-O-S angle ( Table 2) .
The S-C bond lengths of the free and coordinated dimethyl sulfoxide molecules are similar (Table 2) . However, the S-C stretching force constants show a clear increase for the complexes, about 20-22% higher than for liquid dimethyl sulfoxide. For the Ga, In and Tl complexes a slightly decreasing S-C force constant can be correlated to the increasing SO bond strength (Table 5) .
Conclusions
All the trivalent group 13 ions, aluminium(), gallium(), indium() and thallium(), coordinate six dimethyl sulfoxide molecules, both in solution and in the solid solvates. Crystallographic results show the metal ions to be surrounded by six oxygen-bonded dimethyl sulfoxide ligands, forming an octahedral MO 6 entity compressed along a three-fold axis, with the highest compression ratios for the largest metal ions (Table 2) .
Vibrational spectra of the solvated aluminium(), gallium() and indium() ions in the [M(dmso) 6 ]I 3 compounds have been recorded and analysed. Symmetric and asymmetric M-O stretching modes were found to dominate the vibrational frequencies at 465 and 540 cm Ϫ1 for the aluminium, 491 and 495 cm Ϫ1 for the gallium, and at 444 and 440 cm Ϫ1 for the indium complexes, respectively. Previously, the corresponding normal modes for Tl(dmso) 6 3ϩ were found at 435 and 447 cm Ϫ1 . The S-O stretching force constant of the dimethyl sulfoxide ligand increases for the d 10 ions M = Ga, In and Tl in the M(dmso) 6 3ϩ complexes, as expected from the decreasing M-O bond strength (Table 5) . However, the S-O force constant for the Al(dmso) 6 3ϩ complex is higher and differs significantly from this trend even though the S-O bond distance is similar. This is probably connected to a more ionic M-O bond character of the d 0 ions Al() and Sc(), which is also reflected in larger M-O-S angles (Table 2) .
